We report the crystal structures of two hexa-substituted mutants of a GroEL minichaperone that are more stable than wild-type by 7.0 and 6.1 kcal mol
Introduction
Understanding the forces that govern protein stability and engineering proteins with enhanced stability are two major goals of protein engineering. The contributions of different interactions to protein stability have been extensively investigated in several model systems, such as barnase , T4 lysozyme (Matthews, 1995) and gene V protein (Terwilliger, 1995) . This is usually done by deleting the moieties of sidechains that are involved in the interactions under question and measuring the resulting changes in stability (Fersht, 1999) . However, the reverse process, engineering increased stability by introducing new interactions, has proven to be more dif®cult. Since the existing interactions in a protein are generally ®nely tuned and interdependent, the introduction of one interaction may lead to unexpected perturbations in protein structure, which may offset the stabilizing effect of the introduced interactions to various extents and, most frequently, result in destabilization. The current obstacle of engineering protein stability is to identify the sites within a protein that will lead to stabilization upon mutation (Sandberg & Terwilliger, 1991) .
There are currently several approaches employed to enhance protein stability. The rational approach to stabilization is extremely dif®cult, since it is not generally possible to predict the energetic and structural response to mutation in proteins, although the statistics of isolated helices and parts of sheets are predictable to varying degrees (Munoz et al., 1996; Regan et al., 1996) . Some insight into protein stabilization has also been gained from the structural comparison of thermophilic proteins with their mesophilic counterparts (Russell & Taylor, 1995) . However, the dif®culty underlying this approach is that the sequence divergence between these proteins is prohibitively too large to quantitate the contribution to protein stability on the basis of individual residues. Alternatively, an empirical approach of exploring naturally occurring variations among a family of homologous proteins has proven to be very powerful in picking up stabilizing mutations that would have been missed by structural analysis (Wang et al., 1999) . The combination of several stabilizing mutations yields superstable variants Nikolova et al., 1998; Wang et al., 1999) , which are valuable resources that offer an opportunity for understanding the stabilizing effect of individual mutations by detailed structural studies.
Here we report the 2.2 A Ê resolution crystal structures of two superstable minichaperones, GroEL(191-376) M1 and M2. Each mutant contains six mutations, ®ve of which, Ala212 3 Glu, Met233 3 Leu, Ile305 3 Leu, Glu308 3 Lys and Asn326 3 Thr, are shared by M1 and M2, whilst the sixth is Ala223 3 Thr in M1 and Ala223 3 Val in M2. Their locations within the protein vary: Ala223 and Met233 are completely buried in the hydrophobic core, whereas Ala212, Ile305, Glu308 and Asn326, which have greater than 5 % of surface area exposed to solvent, are regarded as protein surface residues (Miller et al., 1987) . The structural basis for the observed stabilizing effects of the mutations is discussed.
Results and Discussion
Crystals of GroEL(191-376) M1 and M2 grew in the space group P2 1 2 1 2, non-isomorphous to the wild-type crystals (P2 1 2 1 2 1 ). There is one molecule in the asymmetric unit. Details of data collection and model re®nement are summarized in Table 1 . Overall, the re®ned models ®t the electron density very well. The density at the sites of mutation is very well de®ned and unambiguous, the only exception is the side-chain of Lys308 that cannot be completely resolved, possibly due to the intrinsic mobility of the loop to which it belongs. Both re®ned structures contain 186 protein residues and seven additional residues from the N-terminal histidine-tag as observed in wild-type (Buckle et al., 1997) . A glycerol molecule, involved in multiple hydrogen bonds to surface residues, has also been built into the electron density. The average temperature factors for main-chain and side-chain atoms are 17.0 and 19.3 A Ê 2 for M1, 31.4 and 34.1 A Ê 2 for M2, respectively. The overall temperature factor of M2 is higher compared with M1.
The overall structures of M1 and M2 are very similar to the wild-type structure. The superposition of backbones of M1 and M2 on the wild-type backbone gives an average root-mean-square deviation (rmsd) of 0.39 A Ê and 0.38 A Ê for all the mainchain atoms of M1 and M2, respectively. The deviations for side-chain atoms are somewhat larger, 0.78 A Ê for M1 and 0.71 A Ê for M2. However, signi®-cant changes are observed in several regions, including residues 223-238? where three core mutations Ala223 3 Thr, Ala223 3 Val and Met233 3 Leu are located, residues 267-270 which is at the C terminus of helix H9, and residues 302-307 which is part of a highly mobile loop (residues 299-316).
The increase in stability of M1 is almost exactly the sum of the free energy changes from all six of its constituent mutations (AE0.1 kcal mol À1 ), while the additivity in M2 is nearly so (AE0.4 kcal mol À1 ). We can assume that the structural responses of individual mutations are additive in M1 and approximately additive in M2, which simpli®es the analysis.
The structural response to each substitution is highly variable. A detailed description of the structural changes caused by the mutations and the rationalization of the mutational effects on protein stability are summarized in Table 2 .
Mutations in the protein hydrophobic core
The small-to-large mutations Ala223 3 Thr and Ala223 3 Val are located in the hydrophobic core. Ala223 3 Thr causes large local structural changes, while Ala223 3 Val results in the smallest structural changes of all the mutations ( Table 2 ). The greater stability of Ala223 3 Thr compared to the Table 1 . X-ray data collection and re®nement statistics c R merge gives the agreement between intensities of repeated measurements of the same re¯ections and is de®ned as AE(I h,I À hI h i)/AEI h,I , where I h,I are individual values and hI h i is the mean value of the intensity of re¯ection h. more hydrophobic substitution Ala223 3 Val was not anticipated, and most likely results from the movements of the main-chain and side-chain of Thr223 that bring the OG1 atom of Thr223 closer to its hydrogen bonding partners (Figure 1(a) ). It is surprising that the hydrophobic core of this protein accommodates a larger side-chain without strain or steric clash, in contrast to many destabilizations caused by small-to-large mutations in protein cores (Karpusas et al., 1989; Daopin et al., 1991) . The side-chain of Thr223 in M1 adopts a conformation distinct to that of Val223 in M2 (Figure 1(b) ), indicating local¯exibility.
Met233 3 Leu causes very large local structural changes in M1 and to a lesser extent in M2 (Table 2 ). Structural shifts are propagated through a-helix H8 (residues 228-243). The side-chain of Leu309 in M1 is forced to move backwards to avoid steric clash. It has been suggested that the mutation Met 3 Leu at entirely buried sites can stabilize a protein through an increase in sidechain hydrophobicity and the relative advantage in entropy of ordering a less¯exible leucine sidechain in the folded structures (Gassner et al., 1996) . In this study, Met233 3 Leu is the most stabilizing of all the mutants, possibly emphasizing the effects of increased hydrophobic packing and conformational entropy.
The side-chain of Met233 displays two distinct conformations in wild-type protein (Figure 2(a) ). In the mutant structures, though no alternative sidechain conformations are seen for Leu233, the conformation of Leu233 in M1 is different from that in M2 (Figure 2(b) ). The difference is likely to be real, since the corresponding movement of the sidechain of Leu309 is observed to avoid steric clash. Taken together, the core structure around residue 233 displays a high degree of local¯exibility. This local¯exibility is further supported by the signi®-cant higher temperature factor of a-helix H8. Moreover, the signi®cant movements of surrounding residues in response to Ala223 3 Thr and Met233 3 Leu, suggest that local¯exibility is important in allowing the structural relaxation required for stabilization, and support that thē exibility of backbone plays an important role in repacking protein interiors (Daopin et al., 1991; Baldwin et al., 1993) .
Further evidence for¯exibility at positions 223 and 233 is obtained from the 1.7 A Ê resolution crystal structure of the apical domain of a Cpn60 protein from Thermus thermophilus which has an identity of 67 % in primary sequence with GroEL in the region of 193-345 (Walsh et al., 1999) . The least-squares ®tting of T. thermophilus Cpn60(192-336) on the corresponding region of GroEL(191-376) yields a deviation of 0.4 A Ê for all main-chain atoms, comparable to those values for M1 and M2. The side-chains of Val223 and Leu233 in T. thermophilus Cpn60(192-336) are completely buried and display two distinct conformations (Figures 1(c)  and 2(c) ).
Mutations at the protein surface
Ala212 is at the protein surface although most of its surface is buried by packing against adjacent residues. The mutation Ala212 3 Glu causes local and small structural changes in both mutants (Table 2) . Two localized water molecules are found within hydrogen bonding distance with the sidechain of Glu212 in M1 whilst none in M2 (Figure 3(a) and (b) ). Hydrogen bonding and increased burial of hydrophobic area are believed to be the main contributors to the observed stabilization.
Asn326 is also at the protein surface. The mutation Asn326 3 Thr causes small and localized changes in surrounding structures, with the largest movement of the backbone being Thr326. The movement of the main-chain and side-chain atoms of Thr326 most likely optimizes the hydrogen bonding geometry resulting in increased stability. There is no net increase in the number of hydrogen bonds, however (Figure 3(c) and (d)).
Ile305 and Glu308 are in a solvent-exposed segment of the mobile loop. The largest changes in both mutant structures are observed in the region 302-307 containing the mutation Ile305 3 Leu, where Leu305 exposes a greater hydrophobic surface than Ile305 in the wild-type, this being energetically unfavourable. The observed large shift of the segment 302-307 is most likely the major contributor to the stabilization of this mutation. It is possible that the gain in stability as a consequence of the rearrangement of the segment 302-307 is so favourable that it occurs at the expense of exposing more hydrophobic surface to solvent. The mutation Glu308 3 Lys introduces a larger and more¯ex-ible side-chain on the protein surface whose terminal atoms cannot be resolved.
In summary, the seven mutations described above can be split into three groups according to their location and the structural rearrangements they cause.
(i) Ala223 3 Thr, Ala223 3 Val and Met233 3 Leu. These residues are entirely buried in the protein hydrophobic core, and substitutions cause signi®cant structural rearrangements. Increased hydrophobic packing is the main stabilizing force. However, in the case of Ala223 3 Thr, buried hydrogen bonds are responsible for the enhanced stability. Both sites display a degree of exibility.
(ii) Ala212 3 Glu and Asn326 3 Thr. These are surface residues. Increased burial of hydrophobic area and optimized hydrogen bonding are the main contributors to the stabilization. Relatively small structural rearrangements are required in order to accommodate these mutations.
(iii) Ile305 3 Leu and Glu308 3 Lys. These are surface residues with largely exposed surfaces. Substitutions at these positions result in modest increases in protein stability and large changes in Table 2 . Summary of the structural changes for the mutations analysed in this study structure. Favourable reorganization is responsible for the increased stability of Ile305 3 Leu.
Despite the overall similarity of the two mutant structures, which differ only by one residue in sequence, the details of interactions at the corresponding mutation sites are not identical. This structural discrepancy between the two mutants supports the different degree of additivity in stability displayed by M1 and M2.
Engineering protein stability: where to make the stabilizing mutation?
The effects of a particular mutation on protein stability and structure result from a combination of various forces. Some of them are context-independent, such as side-chain hydrophobicity and conformational entropy. These effects are relatively well characterized. Some are dependent on the structural context and on the ability of surrounding residues to relax in response to mutation. The current dif®culty in engineering protein stability lies in identifying positions in a protein that will lead to stabilization when substituted (Sandberg & Terwilliger, 1991) .
Naturally occurring variations are more frequently found at surface positions of proteins, while protein cores evolve relatively slowly (Perutz et al., 1965) . It is commonly believed that protein core residues are immutable and generally optimized for energy, while on the contrary, surface residues are variable and hence unimportant for stability. However, our current study shows that both core and surface residues have important contribution to protein stability. In conjunction with other studies (Lim et al., 1994; Axe et al., 1996) , it suggests that protein cores are more¯exible and more tolerant to substitution than expected and, therefore, optimization of protein cores could result in improved packing and hence increased stability. Moreover, shielding from solvent and close packing in protein cores would result in a larger stabilization of core mutations than surface ones. Local exibility is likely to be the key factor that allows relatively large structural rearrangements and concomitant stabilization to occur in protein cores as seen in this study and in lambda repressor (Lim et al., 1994) , as supported by extensive studies on hydrophobic core mutations (Kellis et al., 1988 (Kellis et al., , 1989 Shortle et al., 1990; Eriksson et al., 1992;  (Kraulis, 1991) and rendered with Raster3D (Merritt & Bacon, 1997). Serrano et al., 1992; Jackson et al., 1993; Takano et al., 1995) .
As protein stability is not generally optimized during the course of evolution Schreiber et al., 1994) , variations, most frequently at protein surfaces, occur as a result of random drift (Kimura, 1968) . Some variations may be stabilizing while others are destabilizing. The overall stability level is maintained within a narrow range of 5-15 kcal mol À1 . On the other hand, however, when protein stability is under constant selective pressure, for example for proteins in thermophiles, many small stabilizing variations are accumulated to improve the overall stability (Argos et al., 1979) . However, the important contribution of surface residues to protein stability and function (Predki et al., 1996; D.D. Axe & A.R.F., unpublished data) is heavily masked by their high variability. Sequence comparison of homologous proteins has provided a way to pinpoint the residues that contribute constructively to protein stability and to guide the subsequent engineering of protein stability. Stabilizing mutations identi®ed by this approach are most frequently located at protein surfaces but with a few found in protein cores Nikolova et al., 1998; Wang et al., 1999) . Combination of several stabilizing mutations would create dramatically stabilized mutant proteins.
Materials and Methods

Protein construction, expression and purification
The plasmid pRSET A (InVitrogen) was used in gene manipulation and protein expression and the proteins GroEL(191-376) M1 and M2 for crystallization. In order to obtain GroEL(191-376) M1 and M2, a silent mutation (T 3 C) was ®rst introduced within the minichaperone genes at the site of residue 195 in and M1 and M2, to create a unique SacII site. After double digestion of the plasmids by SacII and ClaI, the smaller fragment from either GroEL(193-345) M1 or M2, each of which comprises the desired six mutations, was combined with the larger fragment from . M1 and M2 with an N-terminal histidine-tag were expressed in Escherichia coli BLR(DE3) and puri®ed in two steps essentially as described (Wang et al., 1999) . Pure proteins were buffer-exchanged into pure water and stored at À70 C at a concentration of 22 mg ml À1 for both M1 and M2.
Protein crystallization and data collection
Crystals of both M1 and M2 were obtained by hanging-drop vapour diffusion (McPherson, 1982) , in 0.75-0.90 M sodium potassium tartrate, 50 mM Mes sodium (2-(N-morpholino)ethane-sulfonic acid) (pH 6.5). In each (Kraulis, 1991) and rendered with Raster3D (Merritt & Bacon, 1997) .
case, a complete data set to 2.2 A Ê was collected from a single crystal cooled to 100 K, in the cryoprotectant of the respective mother liquor plus 20 % (v/v) glycerol, using the beamline DW32 at LURE, Paris (l 0.9630 A Ê ).
Structure determination and analysis
Data processing, data reduction, electron density manipulation and structural analyses were carried out using CCP4 programs (CCP4, 1994) . 5 % of each data set were¯agged with free R and used for cross-validation purposes (Brunger, 1992a) . AMoRe was used for molecular replacement calculations (Navaza, 1994) using the re®ned structure of without solvent (Buckle et al., 1997) as a search model. There is one molecule per asymmetric unit in both cases. Structure re®ne-ment was initiated with simulated slow cooling using XPLOR (Brunger, 1992b) followed by maximum-likelihood using REFMAC (Murshudov et al., 1997) . Model building was performed using O (Jones et al., 1991) and PROCHECK (CCP4, 1994) was used to check the stereochemistry of the model.
